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(54) Raman amplifier 



(57) The object of this invention is to improve SNR 
in the Raman amplification. An optical fiber (10) consists 
of a dispersion shift fiber in which a zero dispersion 
wavelength is shifted to the 1 .55 um band, and an optical 
fiber (12) consists of a single mode optical fiber having 
the effective core area of 100 um 2 which is larger than 
that of the optical fiber (1 0). An optical coupler 1 4 is dis- 
posed at the optical signal emission end of the optical 



fiber (12). A laser diode (16) outputs the laser light of 
1455 nm as a Raman pumping light source. The output 
light from the laser diode (1 6) is introduced into the op- 
tica! fiber (1 2) from the back, namely in the opposite di- 
rection to that of the optical signal propagation. The ratio 
of the Raman gain coefficient of the optical fiber (1 2) to 
that of the optical fiber (11) should be 1/1 .08 or less, pref- 
erably 1/1.1 or less. 
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Description 

FIELD OF THE INVENTION 

[0001] This Invention relates to a Raman amplifier. 

BACKGROUND OF THE INVENTION 

[0002] To extend a transmission distance of a repeat- 
erless optical transmission line and a repeater span of 
an optical amplifier repeater transmission line, a fiber 
Raman amplifier to amplify the optical signal on an op- 
tical transmission line is effective, and thereby receiving 
sensitivity and the SNR (the signal-to-noise ratio) are 
improved. For example, see T. Miyakawa et al., "210 
Gbit/s (1 0.7 Gbit/s x 21 WDM) Transmission over 1 200 
km with 200 km Repeater Spacing for the Festoon Un- 
dersea Cable Systems , OFC 2000, Baltimore, Mary- 
land, USA, March 7-10, 2000 and H. Kawakami et al., 
"Highly efficient Distributed Raman amplification system 
in a zero-dispersion-flattened transmission line", 
OAA1999 Nara, Japan, June 9-11 , 1999. 
[0003] In fiber Raman amplifiers, there are two kinds 
of methods of pumping. One is a forward pumping meth- 
od in which the high-output pumping light to produce Ra- 
man amplification on an optical transmission line enters 
onto the optical transmission line in the same direction 
with that of signal propagation, namely from the front, 
and the other is a backward pumping method in which 
the pumping light enters onto the optical transmission 
line in the opposite direction to that of the optical signal 
propagation, namely from the back. The Raman ampli- 
fication is caused by nonlinear effects of an optical fiber. 
Accordingly, to increase the Raman gain, it is necessary 
to increase pumping power and/or employ an optical fib- 
er with large nonlinear effects. On condition that optical 
fibers are of the same material and configuration, the 
one having the smallest core diameter has the largest 
nonlinear effect. 

[0004] In conventional fiber Raman amplifiers, an op- 
tical fiber of a large core diameter is used for the first 
naif part of an optical transmission line where power of 
the optical signal is large, and an optical fiber of a small 
core diameter, i.e. an optical fiber of large Raman gain 
coefficient, is used for the latter half part of the optical 
fiber where the power of the optical signal is small. Then, 
the pumping light is introduced into the latter optical fiber 
from the back in the opposite direction from that of op- 
tical signal propagation. With this operation, the weak 
optical signal is amplified at the latter half part of the 
optical transmission line, and accordingly the decrease, 
of the optical signal level is moderated or the optical sig- 
nal level is increased. 

[0005] When it is possible to moderate the decrease 
of the optical signal level or to increase the optical signal 
level, to extend a repeateriess optical transmission dis- 
tance or a repeater span is also possible. 
[0006] However, in the Raman amplification, the ac- 



cumulated optical noise power also increases in the 
same time. Therefore, in the conventional methods, al- 
though there is no problem in terms of the optical signal 
level, receiving characteristics become degraded due to 
5 the rapid deterioration of the SNR. 

SUMMARY OF THE INVENTION 

[0007] It is therefore an object of the present invention 
10 to provide a Raman amplifier to solve the above prob- 
lems. 

[0008] Another object of the present invention is to 
provide a Raman amplifier to offer the satisfactory SNR 
while keeping the necessary Raman gain. 

15 [0009] A Raman amplifier according to this invention 
consists of a first optical fiber to propagate the optical 
signal, a second optical fiber to which the optical signal 
output from the first optical fiber enters, the pumping 
light source to generate the pumping light for Raman 

20 amplification, and an optical introducer to introduce the 
output light from the pumping light source into the sec- 
ond optical fiber from the output side of the optical sig- 
nal, the Raman amplifier characterized in that the ratio 
of the Raman gain coefficient of the second optical fiber 

25 to that of the first optical fiber is 1 /1 .08 or less. 

[0010] By using the above configuration, it is possible 
to shift the location at which the optical signal is ampli- 
fied into the input side, and consequently the SNR can 
be improved because the accumulated optical noise 

30 amount is reduced at the input part of a receiver. 

[0011] When a fiber length of a certain unit is as- 
sumed, Raman gain (dB) increases proportional to the 
intensity (mW or W) of the pumping light, and the Raman 
gain and the optical noise power caused by the Raman 

35 gain are proportional. The optical noise amount gener- 
ated by the same Raman gain is unchanged. However, 
the optical noise at the receiver differs according to lo- 
cations of the occurrence. The optical noises generated 
at the points near to the receiver are detected as the 

40 optical noises of almost the same level. However, when 
the point of the Raman gain occurrence shifts to the 
transmitter side, the optical noise detected at the receiv- 
er is reduced according to the shifted length toward the 
transmitter side. Therefore, the more the location of the 

45 Raman gain occurrence shifts to the transmitter side, 
the more the SNR at the receiver is improved. 

BRIEF DESCRIPTION OF THE DRAWING 

so [0012] The above and other objects, features and ad- 
vantages of the present invention will be apparent from 
the following detailed description of the preferred em- 
bodiments of the invention in conjunction with the ac- 
companying drawings, in which: 

55 

FIG. 1 shows a schematic diagram of an embodi- 
ment according to the invention; 
FIGS. 2 is a schematic diagram of distance variation 
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of optical signal power in the optical fibers 10 and 
12; 

FIG. 3 shows a schematic diagram of distance var- 
iation of optical noise power in the optical fibers 10 
and 12 corresponding to FIG. 2; 
FIG. 4 shows a schematic diagram of distance var- 
iation of the SNR; 

FIG. 5 shows variation examples of the SNR rela- 
tive to the ratio of the effective core areas of the op- 
tical fibers 10, 12 and the length of the optical fiber 
12; 

FIG. 6 shows an enlarged diagram of a part of FIG. 
5; 

FIG. 7 shows a diagram of the Raman gain of Si0 2 ; 
and 

FIG. 8 is a schematic diagram of a modified embod- 
iment according to the invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0013] Embodiments of the invention are explained 
below in detail with reference to the drawings. 
[0014] FIG. 1 shows a schematic block diagram of an 
example according to the invention. Reference numeral 
10 denotes a dispersion shifted fiber in which the zero 
dispersion wavelength is shifted to the 1 .55 urn band, 
and 12 denotes a single mode optical fiber having the 
effective core area of approximately 100 jim 2 which is 
largerthan that of the optical fiber 1 0. In FIG. 1 , the core 
parts of the optical fibers 10 and 12 are schematically 
illustrated. 

[001 5] The optical signal enters the dispersion shifted 
fiber 1 0 first, propagates on the fiber, and then enters 
the single mode optical fiber 12. An optical coupler 14 
is disposed on the emission end for the optical signal of 
the single mode optical fiber 1 2. A laser diode 1 6 outputs 
the 1 ,455 nm laser light as the pumping light source. 
The output light from the laser diode 1 6 is introduced 
into the optical fiber 1 2 from the back, namely in the op- 
posite direction from that of the optical signal propaga- 
tion, by the optical coupler 14. The optical signal ampli- 
fied in the optical fibers 10 and 12 as explained later 
enters the following optical component (for example, an 
optical fiber or a photodetector), which is not illustrated, 
through the optical coupler 1 4. 
[0016] The pumping light introduced into the optical 
fiber 12 by the optical coupler 14 amplifies the optical 
signal as it gradually attenuates while propagating on 
the optical fiber 1 2. However, in this embodiment, an op- 
tical fiber having a small Raman gain coefficient is used 
as the optical fiber 1 2 so that the location at which the 
Raman amplification occurs is to shift toward the optical 
fiber 1 0, namely toward the input side of the optical sig- 
nal. 

[0017] In the conventional systems, an optical fiber 
having the large Raman gain coefficient is disposed on 
the part where the optical signal becomes weak so that 
the Raman effect strongly affects the optical signal. Be- 



sides the Raman gain coefficient becomes larger as the 
core diameter of the optical fiber becomes smaller, it al- 
so depends on a dopant. Generally, the Raman gain is 
increased by enhancing the nonlinear effect through the 

5 reduction of the core diameter. 

[0018] On the other hand, in this embodiment, the 
core diameter of the optical fiber 1 2 located at the back 
is larger than that of the optical fiber 1 0 located at the 
part where the optical signal is intensive. As a result, the 

10 Raman gain coefficient in the optical fiber 12 becomes 
smaller, and the Raman amplification occurs at the parts 
near to the optical fiber 10 in the optical fiber 12 and in 
the optical fiber 10. In other words, in this embodiment, 
the location of the Raman amplification occurrence 

15 shifts to the input side compared to the conventional 
systems. Ideal istically, an optical fiber which Raman 
gain coefficient is zero should be used as the optical fib- 
er 12. In that case, the Raman amplification occurs only 
in the optical fiber 10. 

20 [0019] As the location of the Raman amplification oc- 
currence shifts to the input side, it is possible to sup- 
press the accumulated optical noise power which is rel- 
atively caused by the Raman amplification, and conse- 
quently the SNR improves. 

25 [0020] FIG. 2 is a schematic diagram showing dis- 
tance variation of optical signal power in the optical fib- 
ers 10 and 12. On condition that the Raman amplifica- 
tion is unchanged, a case to use an optical fiber having 
the Raman gain coefficient of small value other than ze- 

30 ro as the optical fiber 12, a case to use an optical fiber 
having the zero Raman gain coefficient as the optical 
fiber 12, and a conventional method to amplify the opti- 
cal signal on an optical fiber composed of a single com- 
ponent are compared. 

35 [0021] In FIG. 2, the vertical axis expresses optical 
signal power (dBm), and the horizontal axis expresses 
distance (km). A characteristic curve 20 shows distance 
variation of optical signal power when an optical fiber 
having the zero Raman gain coefficient is used as the 

40 optical fiber 12. A characteristic curve 22 shows dis- 
tance variation of the optical signal power when an op- 
tical fiber having the Raman gain coefficient of small val- 
ue other than zero is used as the optical fiber 1 2. A char- 
acteristic curve 24 shows distance variation of the opti- 

^5 cal signal power in a conventional system as a compar- 
ative example in which an optical fiber of a single com- 
ponent is used instead of the optical fibers 10 and 12. 
A broken line 26 shows distance variation of the optical 
signal power when the Raman amplification is not used. 

so [0022] As clear from the characteristic cu rves 20 , 22 , 
and 24, the optical signal is amplified faster as the Ra- 
man gain coefficient of the optical fiber 1 2 becomes 
smaller. 

[0023] FIG. 3 is a schematic diagram showing dis- 
55 tance variation of the optical noise power in the optical 
fibers 10 and 12 corresponding to FIG. 2. In FIG. 3, the 
vertical axis expresses optical noise power (dBm), and 
the horizontal axis expresses distance (km). A charac- 
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teristtc curve 30 shows distance variation of optical 
noise power when an optical fiber having the zero Ra- 
man gain coefficient is used as the optical fiber 12. A 
characteristic curve 32 shows distance variation of the 
optical noise power when an optical fiber having Raman 
gain coefficient of small value other than zero is used 
as the optical fiber 12. A characteristic curve 34 shows 
that in case of a conventional system. A broken line 36 
shows distance variation the of optical noise power 
when the Raman amplification is not used. When the 
Raman amplification is not used, the optical noise also 
attenuates according to the toss of the optical fiber. 
[0024] When the optical fiber having the zero Raman 
gain coefficient is used as the optical fiber 12, the Ra- 
man amplification occurs in the optical fiber 1 0 as shown 
with the characteristic curve 20. Accordingly, the optical 
noise caused by the Raman amplification also occurs at 
the part where the Raman amplification occurs and is 
amplified as shown with the characteristic curve 30. In 
the optical fiber 12, since the Raman amplification does 
not occur, the optical noise attenuates according to the 
loss of the optical fiber 12. 

[0025] When the optical fiber having the Raman gain 
coefficient of small value other than zero is used as the 
optical fiber 12, the Raman amplification occurs in the 
latter half part of the optical fiber 1 0 and in the optical 
fiber 12 as shown with the characteristic curve 22. Ac- 
cordingly, the optical noise caused by the Raman am- 
plification also occurs in the latter half part of the optical 
fiber 10 and in the optical fiber 12 and is amplified as 
shown with the characteristic curve 32. Since the inter- 
val of the Raman amplification occurrence becomes rel- 
atively longer compared to the case using the optical 
fiber of the zero Raman gain coefficient, the optical 
noise becomes more intense. The accumulated optical 
noise power at the output end of the optical fiber 1 2 be- 
comes larger compared to the case using the optical fib- 
er of zero Raman gain coefficient. 
[0026] I n the conventional system , since the large Ra- 
man gain occurs at the part near to the signal emission 
end of the optical fiber 1 2, the accumulated optical noise 
rapidly increases as approaching to the signal emission 
end of the optical fiber 12 as shown with the character- 
istic curve 34. The accumulated optical noise power at 
the output end of the optical fiber 1 2 becomes the largest 
in the above cases. 

[0027] FIG. 4 is a schematic diagram showing dis- 
tance variation of SNR calculated from the results 
shown in FIGS. 2 and 3. In FIG. 4, the vertical axis ex- 
presses SNR (dB) and the horizontal axis expresses 
distance (km) . A characteristic curve 40 shows a case 
in which an optical fiber having a zero Raman gain co- 
efficient is used as the optical fiber 12. A characteristic 
curve 42 shows a case in which an optical fiber having 
a Raman gain coefficient of small value other than zero 
is used as the optical fiber 12. A characteristic curve 44 
shows a case of conventional system. A broken line 46 
shows distance variation of the SNR when the Raman 



amplification is not used. When the Raman amplification 
is not used, the SNR is constant because both optical 
signal and optical noise attenuate according to the loss 
of the optical fiber. 
5 [0028] When the optical fiber having the zero Raman 
gain coefficient is used as the optical fiber 12, the Ra- 
man amplification occurs and optical noise is also gen- 
erated in the optical fiber 10 as shown with the charac- 
teristic curves 20 and 30. Accordingly, as shown with 
the characteristic curve 40, the SNR deteriorates at that 
part. However, since the Raman amplification does not 
occur in the optical fiber 12, the SNR is constant in the 
optical fiber 12. 

[0029] When the optical fiber having the Raman gain 
coefficient of small value other than zero is used as the 
optical fiber 12, the Raman amplification occurs and al- 
so optical noise is generated in the latter half part of the 
optical fiber 1 0 as shown with the characteristic curves 
22 and 32. Accordingly, the SNR first deteriorates in the 
latter half part of the optical fiber 1 0 and further deteri- 
orates in the optical fiber 12 as shown with the charac- 
teristic curve 42. Consequently, the SNR at the output 
end of the optical fiber 1 2 generally becomes smaller as 
compared with the case using the optical fiber of the ze- 
ro Raman gain coefficient. 

[0030] In the conventional system, the large Raman 
gain occurs and also optical noise is generated at the 
part near to the optical signal emission end of the optical 
fiber 1 2 as shown with the characteristic curves 24 and 
34. Accordingly, the SNR rapidly deteriorates as ap- 
proaching to the optical signal emission end of the op- 
tical fiber 12 as shown with the characteristic curve 44. 
The SNR at the output end of the optical fiber 12 be- 
comes the smallest in the above cases. 
[0031] The improving effect of the SNR depends on 
how far the Raman amplification can be shifted toward 
the optical signal input side. When a fiber length of a 
certain unit is assumed, the Raman gain (dB) increases 
proportional to the intensity (mW or W) of the pumping 
light, and the Raman gain and the optical noise power 
caused by the Raman gain are proportional. The optical 
noise amount generated by the same Raman gain is un- 
changed. Optical noises generated near to the receiver 
are detected as the optical noises of almost the same 
level. However, when the part of the Raman gain occur- 
rence shifts to the transmitter side, the optical noise de- 
tected at the receiver is reduced according to the shifted 
length toward the transmitter side. Therefore, the more 
the location of the Raman gain occurrence shifts to the 
transmitter side, the more the SNR at the receiver is im- 
proved. 

[0032] The Raman gain coefficient is inversely pro- 
portional to the effective core area, and so it was 
checked how the SNR is improved in relation to the ratio 
of the effective core areas of the optical fibers 10 and 
1 2 and the length of the optical fiber 1 2. FIGS. 5 and 6 
show the measured result In FIGS. 5 and 6, the hori- 
zontal axes express the ratio A^ A eff1 between the ef- 
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f ective core area A^ of the optica! fiber 1 2 to the effec- 
tive core area of the optical fiber 1 0, and the hori- 
zontal axes express the relative value ASNR (dB) of the 
SNR. FIG. 6 is an enlarged diagram showing the part 
where the effective core area ratio is 1 .5 or less. Here, 
the pumping power is 500 mW. 
[0033] The Raman gain coefficient depends on a do- 
pant and its density besides the effective core area. The 
dopant includes Ge0 2 , P 2 0 5 , and B2O3 etc. 
[0034] The SN Rs of the optical fibers 1 2 of 1 0 km, 20 
km and 30 km in length were checked, and the exami- 
nation proved that the SNR was improved at each length 
when the effective core area of the optical fiber 12 is 
larger than that of the optical fiber 10 by 8 %, preferably 
10 %. A characteristic curve 50 shows a case that the 
optical fiber 12 is 1 0 km, a characteristic curve 52 shows 
a case that the optical fiber is 20 km, and a characteristic 
curve 54 shows a case that the optical fiber is 30 km. 
Accordingly, in terms of the Raman gain coefficient, the 
SNR is improved when the ratio of the Raman gain co- 
efficient of the optical fiber 1 2 to that of the optical fiber 
10 is 1/1 .08 or less, preferably 1/1 .1 or less. 
[0035] This embodiment is applicable to an optical re- 
peater transmission line composed of three types of fib- 
ers in a repeater span. In a single repeater span, a single 
mode fiber (SM F) of a 1 1 0 um 2 effective core area, +1 9 
ps/nm/km chromatic dispersion, and 15 km in length, a 
reverse dispersion fiber (RDF) of 35 um 2 effective core 
area, -20 ps/nm/km chromatic dispersion, and 20 km in 
length, and a dispersion shift fiber (DSF) of 65 um 2 ef- 
fective core area, +8 ps/nm/km chromatic dispersion, 
and 10 km in length are connected in this order, and the 
pumping light for causing the Raman amplification is in- 
troduced from the back of the DSF. 1 34 spans of this 45 
km span were prepared to form a 6030 km optical fiber, 
and 32 wavelengths of 1 0 Gb/s were transmitted on the 
fiber. Compared to a case that a span is composed of 
onfy the SNR and the RDF, Q value is improved by 0.8 
dB. This is brought by the SNR improving effect of this 
embodiment. 

[0036] The Raman amplification has the highest 
pumping efficiency when the laser light having a wave- 
length shorter than that of the optical signal by an inher- 
ent wavelength of the medium to cause the Raman am- 
plification is used as the pumping light source. This 
wavelength difference is called Raman shift wave- 
length. FIG. 7 shows a characteristic diagram of Raman 
gain relative to Si0 2 . The horizontal axis expresses a 
frequency difference between the optical signal and the 
pumping light, and the vertical axis expresses a relative 
gain core area. Here, 1 cm 1 is equal to 30 GHz. 
[0037] In the embodiment shown in FIG. 1, although 
the laser light source of the single wavelength is used 
as the pumping light source forthe Raman amplification, 
it is also applicable to introduce the light obtained by 
multiplexing the output lights from a plurality of laser 
sources of different wavelengths into the optical fiber 12 
from the back. In that case, preferably the wavelength 



difference of each laser light source is equal to the Ra- 
man shift wavelength. Since the laser light of each 
wavelength is sequentially amplified in the optical fibers 
1 0 and 12, ultimately the point where the optical signal 
5 is amplified can be shifted to the input side of the optical 
signal. 

[0038] The Raman shift wavelength is equal to a fre- 
quency of 13 THz. For example, a 1450 nm pumping 
wavelength is to amplify 1 550 nm, and a 1 360 nm pump- 

10 ing wavelength is to amplify 1450 nm. As shown in FIG. 
8, the 1 360 nm laser light source 60a, the 1 450 nm laser 
light source 60b, and a combiner 62 to combine output 
lights from the both laser light sources are disposed in- 
stead of the laser diode 16. Elements identical to those 

15 jn Fig. 1 are labeled with common reference numerals. 
In this configuration, the 1360 nm laser light and the 
1450 nm laser light together enter the optical fiber 12 
from the back. The 1450 nm laser light is amplified by 
the 1360 nm laser light while propagating on the optical 

20 fibers 10 and 12 in the opposite direction to that of the 
optical signal. The 1450 nm amplified laser light ampli- 
fies the optical signal propagating on the optical fibers 
10 and 12. The Raman amplification requires a certain 
propagation distance. Accordingly, the range in which 

25 the optical signal is amplified can be shifted toward the 
input side of the optical signal using this kind of the multi- 
step type Raman amplification, and also the SNR can 
be improved because of the reasons priorly explained. 
[0039] in addition, the output lights from the laser light 

30 sources 60a and 60b can be introduced by discrete op- 
tical coupler separately into the optical fiber 12. 
[0040] As readily understandable from the aforemen- 
tioned explanation , according to the i nvention a fiber Ra- 
man amplifier having an improved SNR can be realized. 

35 [0041] While the invention has been described with 
reference to the specific embodiment, it will be apparent 
to those skilled in the art that various changes and mod- 
ifications can be made to the specific embodiment with- 
out departing from the spirit and scope of the invention 

40 as defined in the claims. 



Claims 

45 1. A Raman amplifier comprising: 

a first optical fiber to propagate an optical sig- 
nal; 

a second optical fiber to which the optical signal 
50 output from the first optical fiber enters; 

a pumping light source to generate a pumping 
light for Raman amplification; and 
an optical introducer to introduce the output 
light from the pumping light source into the sec- 
55 ond optical fiber from the output side of the op- 

tical signal of the second optical fiber; 
characterized in that the ratio of a Raman gain 
coefficient of the second optical fiber to that of 
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the first optical fiber is 1/1 .08 or less. 

2. The Raman amplifier of claim 1 wherein the ratio of 
the Raman gain coefficient of the second optical fib- 
er to that of the first optical fiber is 1/1 .1 or less. 5 

3. The Raman amplifier of claim 1 or 2 wherein the first 
optical fiber comprises a dispersion shift fiber, and 
the second optical fiber comprises a single mode 
optical fiber having an effective core area of 1 00 to 
lim 2 or more. 

4. The Raman amplifier of claim 1 , 2 or 3 wherein the 
pumping light source comprises a plurality of light 
sources having the wavelength difference equal to is 
the Raman shift wavelength. 

5. The Raman amplifier of claim 1 , 2, 3 or 4 further 
comprising a second pumping light source to gen- 
erate a second pumping light which can amplify the 20 
output light from the pumping light source on the 
first and the second optical fibers. 
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FIG. 2 
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